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Abstract - In this letter, the design of a miniaturized monopolar pre-fractal antenna for 
the 3.4 – 3.6 GHz Wi-Max band is presented. The geometrical configuration of the 
monopolar antenna, printed on a planar dielectric substratum, has been synthesized by 
means of a Particle Swarm Optimizer in order to minimize the linear dimensions of the 
device and to obtain Voltage Standing Wave Ratio values within specifications. The 
results of numerical simulations are shown and compared, in terms of VSWR, with the 
experimental measurements. 
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1. INTRODUCTION 
The growing demand of wireless services requires the definition of new standards able 
to provide an increased degree of mobility for the end-user and a higher speed of data 
transmission. Among emerging standards, one of the most promising is the IEEE 802.16 
Wireless Metropolitan Area Network Air Interface (generally called WiMax) able to 
support high-speed wireless broadband applications with rather long reach, mobility, 
and roaming. More in detail, WiMax is a standard for fixed broadband wireless access 
systems, which employ a point-to-multipoint architecture and operate between 10 and 
66 GHz providing only Line-Of-Sight (LOS) applications.  
In order to extend the 802.16 Air Interface standard guaranteeing Non-Line-Of-Sight 
(NLOS) features, a successive release called IEEE 802.16a has been proposed to deliver 
services over a scalable, long range, high capacity wireless communications for carriers 
and service providers around the world. It covers the frequency range between 2 and 11 
GHz and it is suitable for last-mile applications. In such a framework, the available band 
between 3.4 – 3.6 GHz turns out to be of particular interest since it doesn’t require a 
LOS propagation and can be usefully exploited for end-user wireless portable devices. 
As far as wireless portable devices are concerned, it is mandatory to develop 
miniaturized radiators able to guarantee a good efficiency and reliability. In such a field, 
fractal antennas seem to be good candidates for achieving reduced dimensions keeping 
suitable radiation properties. As a matter of fact, the use of fractal geometries (or more 
precisely, pre-fractal geometries that are built with a finite number of fractal iterations) 
for antenna synthesis has been proven to be very useful in order to achieve 
miniaturization and enhanced bandwidth [1][2]. Recently, some interesting applications 
have been presented in literature [3][4][5]. 
This letter presents the optimized synthesis of a pre-fractal Koch-like antenna printed on 
a dielectric substratum operating in the 3.4 – 3.6 WiMAX band. The optimization of the 
fractal geometry is carried out through a numerical procedure based on a particle swarm 
optimizer (PSO) [6][7][8]. In order to assess the effectiveness of the design procedure 
and of the arising features of the optimized antenna, the numerical results are compared 
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with the measurements from an experimental prototype as well as with the data 
concerned with standard structures. 
 
2. WiMAX ANTENNA DESIGN 
The design of the Wi-Max antenna has been formulated as an optimization problem 
fixing suitable constraints in terms of impedance matching at the input port (VSWR 
values) in the 3.4 – 3.6 GHz frequency band and in terms of size reduction compared to 
the length of a standard quarter-wave monopole antenna. As far as an antenna for 
portable devices is concerned, the radiation characteristics of a monopolar quarter-
wave-like pattern have been assumed. Because of the broad frequency band required by 
802.16 WiMAX applications, the antenna is required to present a Voltage Standing 
Wave Ratio lower than 8.1max =VSWR  in the 3.4 – 3.6 GHz frequency range, which 
results in a reflected power at the input port lower than 10% of the incident power. From 
a geometrical point of view, a size reduction of more than 20 % compared to a standard 
quarter-wave resonant monopole is required. Moreover, the antenna is also required to 
belong to a physical platform of dimensions 16max =L  [mm] ×  10max =H  [mm]. 
By considering a microstrip structure printed on a planar dielectric substratum, the 
parameters to be optimized are the fractal geometry and the widths and lengths of each 
fractal segment. As far as the general shape of the generating antenna is concerned, the 
trapezoidal curve proposed in [5] has been used. Therefore, the antenna structure is 
uniquely determined by the following parameters: 1s , 2s , 4s , 5s , 2θ , 4θ  (i.e., the 
parameters that define the set of affine transformations employed by the iterated 
function system (IFS) [5] for generating pre-fractal antenna elements), L  (i.e., the 
projected length of the fractal structure), and 1w , 2w , 3w , 4w , 5w  (i.e., the widths of the 
fractal segments). 
In order to satisfy the project guidelines determining the array 
{ }5,...,1,;,,,,, 425421 == iwssss iθθγ , the following cost function, defined as the least-
square difference between requirements and estimated specifications, has been 
optimized: 
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where f∆  is the sampling frequency interval in the 3.4 – 3.6 GHz frequency band and 
{ } ( )γΨ=∆Ψ fi  is the VSWR value at the frequency fif ∆=  when the antenna structure 
defined by the array γ  is considered. Furthermore, in order to avoid the generation of 
impractical solutions (due to their intricate and convoluted shapes) some physical 
constraints have been defined on the antenna parameters and a penalty has been 
imposed on those configurations that while not unfeasible would be difficult to realize 
(e.g., higher fractal orders or large ratio between width and length of the fractal 
segment). 
To minimize (1) and according to the guidelines given in [7], a suitable implementation 
of the PSO [9] has been used in conjunction with an IFS generating software and a 
method-of-moments (MoM) simulator [10]. Starting from each of the trial arrays )(k
m
γ  
( m  being the trial array index, Mm ,...,1= ; k  being the iteration index, Kk ,...,1= ) 
defined by the PSO, the IFS generates the corresponding pre-fractal antenna structure. 
The corresponding VSWR value is computed by means of the MoM simulator, which 
takes into account the presence of the dielectric slab and of the reference ground plane 
assumed of infinite extent. The iterative process continues until Kk =  or η≤Ωopt , η  
being the convergence threshold and [ ]{ })(
,
min k
mmk
opt FF γ= . 
 
3. NUMERICAL AND EXPERIMENTAL VALIDATION 
The specific PSO adopted in this work considers a population formed by 15=M  trial 
solutions, a threshold 310−=η , and a maximum number of iterations equal to 500=K . 
The remaining parameters of the PSO have been set, according to the reference 
literature [7], as in [9]. 
As an illustrative example of the optimization process, Fig. 1 shows the evolution of the 
geometry of the antenna structure during the iterative process. At each iteration, the 
structure of the best solution (i.e., [ ]{ }( ))()( minarg k
mm
k
opt
F γγ = ) is given and the plot of the 
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corresponding VSWR function is reported in Fig. 2. As it can be observed, starting from 
a completely mismatched behavior corresponding to the structure shown in Fig. 1.(a) 
( 0=k ), the solution improves until to the final shape [Fig. 1.(e) - convkk = ] that fits the 
requested specification in terms of both VSWR [Fig. 2] and overall dimensions. As a 
matter of fact, the synthesized structure satisfies the geometrical requirements since its 
transversal and longitudinal dimensions are respectively equal to 39.13=optL  [mm] 
along the x-axis and 42.5=optH  [mm] along the y-axis. In particular, the projected 
length optL  turns out to be lower than that of the resonant monopole printed on FR4 
substratum, with a reduction equal to 24.77 %. 
Concerning the computational complexity of the optimization procedure, Figure 3 
shows the plot of the cost function versus the iteration number. Both the optimal cost 
function value [ ]{ })()( min kmmoptk FF γ=  and the average value { } [ ]∑
=
=
M
m
k
mk
F
M
Fav
1
)(
)(
1 γ  are 
reported. The optimization required approximately 270=optk  iterations, with a CPU-
time for each iteration of about 0.5 sec. 
Because of the satisfactory numerical results, an experimental validation has been 
carried out. The antenna prototype has been built by using a photolithographic printing 
circuit technology following the geometric guidelines of the optimized geometry shown 
in Fig. 1(e). For the VSWR measurements, the antenna prototype (Fig. 4) has been 
equipped with a SMA connector and it has been placed on a reference ground plane 
with dimensions equal to 90 [cm] ×  140 [cm]. The VSWR has been measured with a 
scalar network analyzer placing the antenna inside an anechoic chamber. 
Computed and measured VSWR values have been compared and the results are shown 
in Figure 5. As it can be noticed, measured as well as simulated VSWR values satisfy 
the project’s specifications in the 3.4 – 3.6 GHz band. Even though a reasonable 
agreement between the simulation and the experimental results can be observed, some 
differences occur and the VSWR values measured in the WiMax band turn out to be 
greater than those simulated. Such a behavior can be attributed to the approximations 
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introduced in the numerical simulator for modeling the dielectric properties of the FR4 
substratum and the ground plane. 
For comparison purposes, the VSWR values of the pre-fractal antenna are also 
compared with those of a resonant quarter wave monopole ( 8.74 =λL  [mm] long 
printed on a FR4 substratum – called “resonant monopole”) and a straight monopole 
with the same length optL  of the WiMAX antenna (called “short monopole”). As 
expected, the short monopole is not able to fit the VSWR specifications in the requested 
band. On the other hand, the simulated values of the resonant monopole seem to 
indicate some difficulties in satisfying the VSWR constraint at the extremes of the 
frequency range and they shown a small margin at the central frequency, as well. 
Finally, for completeness, the same comparative assessment has been also carried out in 
terms of gain functions along the horizontal and vertical planes (Fig. 7). More in detail, 
Figure 7(a) plots the differences in the horizontal plane between the gain function of the 
WiMAX antenna and that of the resonant monopole and of the short monopole, 
respectively. The same quantities are also shown in Fig. 7(b) where the vertical gain 
functions are analyzed. As expected, the radiation properties of the optimized WiMAX 
fractal antenna are very close to those of a conventional monopole as requested for a 
portable wireless device. 
 
4. CONCLUSIONS 
The design and optimization of a pre-fractal WiMAX band antenna printed on dielectric 
substratum has been described. The antenna structure has been synthesized through a 
suitable particle swarm algorithm by optimizing the parameters of a Kock-like pre-
fractal geometry in order to comply with the geometrical requirements as well as the 
impedance matching constraints in the 3.4 – 3.6 GHz band. A prototype of the WiMAX 
antenna has been built and some comparisons between measured and simulated VSWR 
values have been carried out in order to assess the effectiveness of the resulting antenna 
and of the overall design procedure. 
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FIGURE CAPTIONS 
 
Figure 1. Geometry of the fractal WiMAX monopole at different iteration steps of the 
optimization procedure: (a) 0=k , (b) 10=k , (c) 50=k , (d) 100=k , and 
(e) optkk = . 
Figure 2. Simulated VSWR values at the input port of the fractal monopole antenna at 
different iteration steps of the optimization procedure. 
Figure 3. Behavior of the cost function versus the iteration number. 
Figure 4. Photograph of the prototype of the pre-fractal monopolar WiMAX. 
Figure 5 WiMAX pre-fractal antenna: comparison between measured and simulated 
VSWR values. 
- - - - - - -  Requirements 
- - - - - - - WiMAX Measured Data 
________ WiMAX Simulated Data 
- - - - - - - Resonant monopole simulated data 
- - - - - - - Short monopole simulated data 
Figure 6. WiMAX band fractal antenna gain functions: (a) difference in the horizontal 
plane between the gain function of the WiMAX antenna and that of the 
resonant monopole, and between WiMAX and short monopole; (b) 
difference in the vertical plane between the gain function of the WiMAX 
antenna and that of the resonant monopole, and between WiMAX and short 
monopole. 
________ WiMAX vs quarter wave resonant monopole 
________ WiMAX vs short monopole 
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Fig. 3 – R.Azaro et al., “Design of a pre-fractal monopolar antenna ....” 
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Fig. 4 – R.Azaro et al. “Design of a pre-fractal monopolar antenna ....” 
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